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E mail address: mprat@imft.fr (M. Prat).Previous experimental results indicate that the humidification conditions at the anode
have an impact on the liquid water distribution in the cathode gas diffusion layer. Nu
merical simulations are developed to reproduce and analyze this effect. Results consistent
with the experimental results are first obtained by playing with the partition coefficients of
an advanced pore network model computing the liquid water formation and transfer in the
cathode gas diffusion layer (GDL) for a large range of operating conditions. Then, a model
for the full anode cathode assembly is developed by combining the pore network model
of the cathode GDL and a 1D model describing the heat and water transfer in the various
components of the anode cathode assembly. This enables one to generalize the dry wet
regime diagram introduced in a previous work by incorporating the effect of the humidity
condition at the anode.Introduction
In a PEM Fuel Cell, the electrochemical reaction takes place at
the cathode Catalyst Layer (CL). This exothermic reaction
generates electricity, produces water and releases heat. The
water in excess must exit the Fuel Cell (FC). The shortest
pathway is to cross the cathode Gas Diffusion Layer (GDL) in
order to reach the gas channels of the Bipolar Plate (BP) wherethe existing gas flow can transport the water out of the fuel
cell. Another main role of the cathode GDL is to improve the
diffusion of the reactant gas from the gas channels to the
entire surface of the cathode CL in order to make the reaction
happen everywhere. This gas transport has a direct impact on
the efficiency of the PEMFC. In this respect, the presence of
liquid water in the GDL has a detrimental effect since the
pores of the GDL occupied by liquid water are local barriers for
the reactant gas transport. In other words, the cathode GDL is
a key component regarding the PEMFC water management
issue and understanding better the factors controlling the
occurrence of liquid water in the cathode GDL is a major topic
of interest. Not surprisingly, a lot of research has been per
formed on this topic.
On the experimental side, quite a few works have been
dedicated to the observation of liquid water distributions in
GDLs in operating FCs using X Ray tomographic microscopy
[1e9] or neutron radiography [10e12]. These works have
shown the impact of the operating conditions (temperature,
current density, relative humidity of the gas at the cathode
side) or the impact of the GDL design (felt type GDLs versus
paper type GDLs [8], impact of the thickness of the GDL [9],
new designs of GDL with patterned wettability [12] or new
microstructures [4]).
On the modelling side, several models have been devel
oped or used for studying the formation and transport of
liquid water in the cathode GDL. Different numerical tech
niques have been used [13] such as pore network modelling
(PNM) [14e34], the Lattice Boltzmann Method (LBM) [35e37],
the volume of fluids (VOF) method [38], the water path
network method [39,40] and others. It has recently been
shown that due to the anisotropy and the thinness of GDLs, no
representative elementary volume could be clearly defined
[41] to take into account all the pore scale inhomogeneities.
Therefore, it is recommended to prefer approaches at the
scale of the pore network rather than volume averaged de
scriptions, also referred to as macro homogeneous models or
continuummodels. In this context, pore networkmodels haveFig. 1 e Liquid water distributions in operating PEMFC reported i
the right hand side of the 2D fuel cell and the anode is on the left
Society Inc., from [Local Characterization of PEFCs by Differenti
Relative Humidity, P. Oberholzer & P. Boillat, Journal of the Elec
through Copyright Clearance Center, Inc.the advantage to be computationally much faster than direct
methods such as the LBM or the VOF method for instance. For
these reasons, PNM has become a popular approach for the
simulation of the liquid water formation and transport in
PEMFC GDLs. The present paper also relies in part on PNM.
Regarding pore networkmodelling, the first works were based
on the more or less implicit assumption that the water pro
duced at the cathode CL enters the cathode GDL in liquid
phase. This assumption is actuallymade in themajority of the
works based on PNM [14e26]. Since only the transport of water
in liquid phase is considered in these models, they are
referred to as Liquid Injection Pore Network Models (LIPNM).
However, as discussed for instance in Ref. [29], the liquid
phase distributions in the GDL predicted by the LIPNMare very
often in clear disagreement with the in situ experimental
observations. An obvious shortcoming of LIPNM models is
that they do not explicitly take into account the operating
conditions (current density, temperature, relative humidity in
the channel). For this reason, improved PNM models have
been developed based on the consideration that i) the pro
duced water might enter the GDL in vapour phase and not in
liquid phase and ii) liquid vapour phase change phenomena
(evaporation and condensation) are a key aspect [29e34]. As
shown in Ref. [29], this led to results quite consistent with
experimental observations. This type of PNM is referred to as a
Condensation Pore Network Model (CPNM) since the occur
rence of liquid water in the GDL pores is only due the
condensation of the vapour in a CPNM. However, the liquid
water distributions predicted by the CPNM are not fully
consistent with some observations, in particular for highlyn Ref. [10] when varying RHa and RHc. The cathode side is on
hand side. Republished with permission of Electrochemical
al Cells: SystematicVariations of Current and Asymmetric
trochemical Society, 161 (1), 2014]; permission conveyed
humidified gas in the cathode bipolar plate channels. For this
reason, additional developments in the PNM were made
leading to the currentlymost advanced PNM, referred to as the
Mixed Injection Pore Network Model (MIPNM) [30,31]. The
latter takes into account both the possible intrusion of the
water into the GDL in liquid phase as well as the transport in
vapour phase and the condensation evaporation phenomena.
As reported in Ref. [30], this model leads to a quite good
agreement with experimental observations over a quite large
range of operating conditions.
However, the different CPNMs and themore recentMIPNM,
take into account the operating conditions at the cathode side
only. Experimental observations in Ref. [10] suggest that this is
not sufficient and that the conditions at the anode have also
an impact. In Ref. [10], liquid water distribution in all the
components of the anode cathode assembly (gas channels,
GDLs, CLs and membrane) is reported for different operating
conditions. In particular, for a given current density
i 1 A cm 2 and a given temperature T 70 C the relative
humidity at both the anode and cathode sides has been varied.
The corresponding liquidwater distributions fromRef. [10] are
presented in Fig. 1. As can be seen, for a given relative hu
midity RHc in the cathode channel gas (this corresponds to a
given horizontal row in Fig. 1), the relative humidity RHa in the
anode channel gas has an impact on the liquid water distri
bution in the cathode GDL. Overall, the higher is RHa, the
higher the water saturation in the cathode GDL. For instance,
for RHc 80%, the cathode GDL remains dry for RHa 0%. The
liquid water appears in the region below the ribs only for
RHa 40% whereas liquid water can be observed in all the
regions of the cathode GDL both below the ribs and below the
channels for RHa  80%.
As will be discussed below, this impact of the anode
operating conditions can be taken into account with the
CPNMs [28e34] or the MIPNM by playing with the fraction of
the produced heat and the fraction of the produced water
going toward the cathode. However, a more satisfactory
approach is to predict these fractions. To this end, a whole
anode cathode assembly model is necessary.
Several numericalmodels havemodelled thewhole anode
cathode assembly [42e46]. However, these are macro
homogeneous models based on the continuum approach toFig. 2 e Sketch of the GDL unit cell and schematics of water (lef
performed for Lr Lch 1 mm, d 0.2 mm and Hch 0.6 mm.porous media. As a result, these models are limited and are
not able to predict the details of the 3D liquid water distribu
tion in the cathodeGDLwhich is of great interest regarding the
water management issue. Nevertheless, while the pore
network approach is preferred for the modelling of the cath
ode GDL, the continuum approach appears less questionable
for the other components. The CL is a porous material but its
representation by a pore network implies the generation of
very big pore network because of its much finer microstruc
ture compared to the GDL [47e49]. This makes the computa
tional times much larger than for a GDL for a comparatively
similar computational domain size. Also, the length scale
separation is less an issue than for the GDL. The same holds
for the micro porous layer (MPL) [50,51] located between the
GDL and CL. The continuum approach is also reasonably well
adapted to the membrane, a polymeric material quite
different from a porous material. An attractive approach is
then to rely on PNM for the GDL and continuum models (CM)
for the other components.
However, only a limited number of works have developed a
whole anode cathode assembly model able to predict the
liquid water distribution in the cathode GDL. In Ref. [52] a Pore
Network Model for the GDL is coupled with a continuum
approach to model the other components of the assembly.
The PNM in Ref. [52] can simulate the vapour transfer, the
liquid water transport and the phase change. The model
presented in Refs. [52] has not been used to study the impact
of the anode operating conditions. However, it can be noted
that it was used in Ref. [53] to study the impact of the GDL at
the anode on the water management. A full anode cathode
assembly model using PNM is also presented in Ref. [32] and
in Ref. [54]. However, this model does not really simulate the
liquid water formation. It is just assumed that 10% of the GDL
pore volume is filled with liquid water. In the present article,
the impact of the anode operating conditions on the liquid
water distribution in the cathode GDL is studied. The issue is
explored by using theMIPNMonly in a first step. TheMIPNMof
the cathode GDL is then coupled with a full anode cathode
assembly 1D model in a second step.
The paper is organized as follows. Themain features of the
MIPNM are first briefly recalled. Then simulations with the
MIPNM models for various values of the heat flux and watert) and heat (right) transfer problems. The simulations are

Fig. 3 e Dry-wet regime diagram obtained for g 0.50 (a) and g 0.10 (b). In the grey region the cathode GDL remains dry
while in the blue region the cathode GDL contains liquid water. Some computed liquid water distributions are shown (the
central region is the region below the rib). The figures at the vertical lines between the blue and grey regions are the
transition value bdw corresponding to the transition between the dry regime in which the cathode GDL remains dry and the
wet regime in which the cathode GDL contains liquid water. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)experimental observations. For this reason, the value of a is
not varied in the present study and kept equal to 20%.
For each considered value of RHc, simulations have been
performed with different values of the partition coefficients b
and g. Each simulation is thus characterized by its inputs and
model parameters, namely RHc, b, g. b has been varied in the
range [0.01, 2.0]. b 1means that all thewater produced by the
electrochemical reaction goes toward the cathode side. b > 1
means that all thewater produced by the reaction goes toward
the cathode side and that some extra water is transferred
from the anode to the cathode because of the greater RHa
compared to RHc.The following values of g have been tested: 0.1, 0.2, 0.3, 0.4,
0.5, 0.6. g 0.5 means that half of the produced heat flux goes
toward the cathode side. Lower values of g mimic the situa
tions where the anode is cooler than the cathode for instance.
Values of g slightly greater than 0.5 mimic an asymmetry in
the heat flux partition between the cathode side and the
anode side.
The main objective here is to reproduce for each given
value of RHc the transition in the water distribution in the
cathode GDL from the dry regime in which the GDL is totally
dry, to the condensation regime in which liquid water is only
present in the region below the rib, and finally to the mixed

Fig. 4 e 1D model: geometrical parameters (top) and schematics of water transfer problem (middle) and heat transfer
problem (bottom).
Fig. 5 e Water vapour molar fraction distribution in the cathode GDL unit cell obtained from continuum simulation with
x 0 imposed at the GDL-channel interface and x 1 at the GDL e CL (MPL) interface.regime [30]. The water transfer problem is sketched in Fig. 4.
Depending on the considered layer, different phenomena are
taken into account.
For the GDLs and the CLs, the water vapour is transferred






where si;j is the local source term in the considered layer












mole concentration of the gas phase defined at the BP tem
perature Tbp, xi is the water vapour molar fraction and d is the
layer thickness. For each layer, the effective diffusion co
efficients D* has been calculated from binary gas diffusion
coefficient D at the given operating conditions (Tbp, P)considering the gas as amixture of air andwater vapour at the
cathode and hydrogen andwater vapour at the anode. D* tD
where t can be considered as a tortuosity coefficient. How
ever, for the CLs, the values D*CL are directly provided by
experimentalmeasurements (see Table 2). For the GDL, t takes
into account two effects: the GDL microstructure impact and
the impact due to the rib/channel geometry. Indeed, the latter
impacts the global diffusion of water vapour since the path
ways to reach the catalyst layer located below the rib from the
channel are longer than the pathways to reach the catalyst
layer right below the channel. This phenomenon is illustrated
in Fig. 5 with the computation of the water vapour molar
fraction in the GDL unit cell when x 0 is imposed at the GDL
channel interface and x 1 at the GDL CL (MPL) interface. In
the present study, t has been set to 0.12 in the GDLs. This
value has been obtained from both pore network simulations
and continuum simulations (using the commercial code
COMSOL Multiphysics) considering a dry GDL unit cell. The
value of the effective diffusion coefficient will not be changed
in the presence of liquid water in the cathode GDL for
simplicity. This assumption will be discussed later.
Various models describing the water transfer in the
membrane are reviewed in Ref. [58] where it is advised to use a
diffusive model when the membrane is not fully hydrated.
The model developed by Springer et al. [42] is one of the first
models considering this option. In this model, the water flux
in the membrane is expressed as,
Nm Ndrag þNbdif (5)
where Ndrag is the electro osmotic drag flux and Nbdif is the
back diffusion flux.
The electro osmotic drag flux is a function of the water
content in the membrane [42]. As in Ref. [59], the latter is
computed as the mean value of the water contents lH2O;a and
lH2O;c where lH2O;a and lH2O;c are the water contents at the













where ndrag is the drag coefficient, i.e the number of molecules
of water dragged per proton, and F is the Faraday’s constant. i2F
is the flux of water produced by the electrochemical reaction
which is also the flux of H2 in the electrochemical reaction.
The factor 2 comes from the fact that the flux of proton Hþ is








where Dm is the diffusion coefficient of water in the mem
brane, rm is the dry membrane density, Mm is the membrane
molecular weight and dm is the thickness of the membrane.
The diffusion coefficient of water in the membrane is actually
water content dependent [42]. However, it has been chosen to
set Dm as constant for simplicity in the present model.Fig. 6 e Temperature distribution in the BP and tThe water content is calculated at the CL membrane
interface at the anode and cathode sides using the sorption

















where xi is the water vapour molar fraction, Psat is the satu
ration pressure, Pref is the gas phase pressure (Pref P in our
model) and T is the local temperature at the interfaces
computed with the heat transfer 1D model.
In the cathode CL, the water produced by the electro





The inputs of the 1Dmodel are the current density i and the
values of the relative humidity RHa and RHc in the gas at the
anode and the cathode, respectively (see Fig. 4). The values of
the parameters for the various layers are specified in Table 2.
The water transfer problem leads to a non linear system of
equations due to the fact that themembranewater fluxNm is a
function of the water contents lH2O;a and lH2O;c at the interface
between the CLs and the membrane (see Eqs. (5), (7) and (8)).
lH2O;a and lH2O;c are a non linear function of the water vapour
molar fraction x (see Eq. (9)). The algorithm developed to solve
the water transfer problem can be summarized as follows:
 Pairs of (RHm,a, RHm,c) are chosen. RHm,a (RHm,c respectively)
is the values of the relative humidity at the anode (cathode
respectively) CL membrane interface. RHm is varied in the
range [0, 1]. The range is split into 10,000 values.
 Eq. (9) is used to determine lH2O;a and lH2O;c
 Eqs. (5), (7) and (8) are used to determine Nm.
 The water transfer problem, i.e. Eqs. (3) and (4), is solved in
the anode GDL and CL. The boundary conditions are RHa
and RHm,a. This yields NGDL;a NCL;a.
 The water transfer problem, i.e. Eqs. (3) and (4), is solved in
the cathode GDL and CL. The boundary conditions are RHc
and RHm,c and a source term, Eq. (10), is taken into account
in the cathode CL. This yields NCL;c which is the water flux
at the cathode CL membrane interface.he GDL for a temperature variation of 10 C.
Fig. 7 e Schematic of the coupling between the full anode-cathode assembly 1D model and the cathode GDL MIPNM. The solutionmust fulfil the conditionNm NCL;a NCL;c. For
each pair of (RHm,a, RHm,c) the relative error is assessed:
x
Nm NCL;aþ Nm NCL;c
jNmj (11)
 The (RHm,a, RHm,c) pair minimizing the relative error is
chosen if the relative error is small enough, i.e. x < 10 2.
When no pair is found fulfilling the condition Nm NCL;a
NCL;c, this means that no solution can be found under the
assumption of water transferred in vapour phase only.Heat transfer 1D model
The heat transfer problem is solved over the whole anode
cathode assembly as sketched in Fig. 4. The heat is trans
ferred through the layers by conduction,
V:ðkthVTÞ s (12)
where kth is the thermal conductivity in the through plane
direction of each layer and s is the source term. It must not
be confused with the overall liquid water saturation S in the
cathode GDL.
The used values for the thermal conductivities in each
layer are reported in Table 2. One assumption made for the
computation of the GDL thermal conductivity needs expla
nation. The temperature distribution in the BP and the GDL is
plotted in Fig. 6 when a thermal difference of 10 C is imposed
between the bipolar plate and the CL (MPL)eGDL interface. As
it can be seen, the temperature distribution is significantly
impacted by the rib channel geometry of the BP. This is due
to the much lower thermal conductivity of the gas in the
channel compared to the rib thermal conductivity. In order to
take into account this 2D effect in the 1D model, the 1D
thermal conductivity of the BP GDL assembly is imposed in
both the GDL and the BP regions, i.e. kth,BP kth,GDL. This global
thermal conductivity is computed by solving the 3D heat
transfer problem in the GDL unit cell and the adjacent BP
using theMIPNM. This is explained further below (see Eq. (17)).
This permits to take into account the rib/channel effect in the
1D transfer model. Furthermore, this thermal conductivity isdependent on the liquid water distribution of the GDL. The
value of kth,BP and kth,GDL reported in Table 2 is the one for a dry
GDL. The presence of liquid water in the GDL increases the
thermal conductivity (see Eq. (17) below).
Two heat source terms are considered. In the cathode CL,





Joule heating is considered in the membrane only. This
assumption can be made because of the different orders of
magnitude between the electrical conductivity of the GDL or CL
and that of the membrane [33]. Joule heating is expressed as:
sJ Ui (14)
As boundary conditions for the heat transfer problem, the
BP temperature Tbp is imposed. This temperature is specified
at the interface between the channel and the BP as depicted in
Fig. 4.
Coupling the 1D model with the MIPNM
A schematic of the coupling between the full anode cathode
assembly 1D model and the cathode GDL MIPNM is depicted
in Fig. 7. The inputs of the coupled model are: the BP tem
perature Tbp, the current density i, the voltageU, the pressure P
and the relative humidities RHa and RHc in the gas at the anode
and the cathode, respectively. The value of the voltage is
specified as in Ref. [10]. In what follows, unless otherwise
mentioned, U 0.54 V. The coupling algorithm between the
1D model and the MIPNM can be summarized as follows.
Step 0 Initially, the cathode and anode GDLs are dry.
Step 0 bis The thermal conductivities kth, BP kth, GDL at
the cathode side are the ones for a dry GDL (Table 2).
Step 1 The heat transfer 1D model is solved. The temper
ature field along the full anode cathode assembly is
computed. From this temperature field, the fraction g of the









sr þ sJ (15)
where TCL GDL;c is the temperature at the cathode CL GDL
interface, TBP GDL;c is the temperature at the cathode BP GDL
interface.
Step 2 The water transfer 1D model is solved. The water
vapour molar fraction is computed (if the algorithm con











where xCL GDL;c is the water vapour molar fraction at the
cathode CL GDL interface and xBP GDL;c is the water vapour
molar fraction at the cathode BP GDL interface.
Step 3 The water formation and transport in the cathode
GDL is computed with the MIPNM. The value of g determined
in step (1) and b determined in step (2) are used as input pa
rameters for the MIPNM simulation.
Step 4 The thermal conductivities kth,BP kth,GDL at the
cathode side are modified when the cathode GDL is not dry
anymore (the anode GDL is always considered dry):
kth;BP kth;GDL gðsr þ sJÞ dGDL þ dBPTmean;CL GDL Tbp (17)Fig. 8 e Comparison between the results obtained from the coup
each case, the liquid water (in blue) distribution (blue, brown, y
renderings for the ones computed with the coupled model) is s
(Republished with permission of Electrochemical Society Inc., fr
SystematicVariations of Current and Asymmetric Relative Hum
Electrochemical Society, 161 (1), 2014]; permission conveyed thro
the references to colour in this figure legend, the reader is referwhere Tmean;CL GDL is the mean value of the temperature at the
cathode CL GDL interface computed with the MIPNM for the
wet GDL.
Step 5 Steps (1) to (4) are repeated until convergence of g
and b. The convergence is assessed at each step using Eq. (18),
ε bn bn 1 þ gn gn 1 (18)
After convergence, the 1D model provides the final values
of g and b and the MIPNM provides the liquid water distribu
tion in the cathode GDL.
Note that we are primarily interested in regimes where the
GDL is not highly flooded because of the assumption of no
liquid water in the CL in the 1D model. Under these circum
stances, the effective diffusion coefficient of the GDL/BP as
sembly varies little with the liquid saturation in the GDL
because the saturation in the regions below the channels in
the GDL is low. As a result, the impact of the change in the GDL
saturation as computed by the MIPNM on the vapour diffusive
transport in the GDL is neglected in the 1D model. Thus the
main impact of the coupling is through the effective thermalled model and experimental observations from Ref. [10]. For
ellow panels for the experimental distributions, 3D
hown and the values of g, b, x (Eq. (11)), and S are given
om [Local Characterization of PEFCs by Differential Cells:
idity, P. Oberholzer & P. Boillat, Journal of the
ugh Copyright Clearance Center, Inc.). (For interpretation of
red to the Web version of this article.)
conductivity of the GDL/BP assembly. The latter is updated
according to Eq. (17) using the temperature field computed
with the MIPNM. This modification in the 1D model leads to
new values of b and g and so on until convergence.Coupled model results
The experimental conditions from Ref. [10] have been used to
perform simulations with the coupled model. The operating
conditions, as reported in Table 1, are: Tbp 70 C, i 1 A cm
2
and P 2 bar. All the pairs of (RHa, RHc) obtained by combining
the four values: 0%, 40%, 80%, 100%, have been simulated.
The objective is to validate the coupledmodel as regards its
ability to take into account the impact of the anode operating
conditions on the liquidwater distribution in the cathodeGDL.
Fig. 8 presents the comparison between the experimental
data from Ref. [10] and the results from the coupled model
obtained for all the considered pairs (RHa, RHc). The liquid
water distribution computed by the coupled model for each
converged simulation is shown. The final value of heat flux
partition coefficient g and water flux partition coefficient b,
the overall liquid water saturation S in the cathode GDL and
the relative error x, Eq. (11), obtained by solving the water
transfer 1D problem are given in Fig. 8. The red box on the
experimental liquid water distribution for the pair (RHa 0%,
RHc 0%) indicates the cathode GDL. The background colour
code in Fig. 8 is commented further below.
Comparisons with experiments from Ref. [10]
The convergence in solving the water transfer 1D problem is
first commented (see the values of x indicated in Fig. 8). For the
highest values of RHa and RHc, i.e. when both RHa and RHc are
equal to 80% or 100%, a solution to the water transfer 1D
problem cannot be found. These cases are indicatedwith a red
background in Fig. 8. For these cases, the minimal relative
error x is too high, i.e. greater than 0.01, for considering that
the convergence has been reached. This means that no solu
tion with relative humidities at the membrane interfaces
lower than 100% can be found. This non convergence is
therefore interpreted as an indication that all the produced
water cannot be transferred in vapour phase for these cases.
This is consistent with the experimental visualizations in
Ref. [10] showing that both the anode and the cathode GDLs
contain liquid water for these operating conditions. In other
words, this non convergence is considered as a result, an
indication that liquid water should be present elsewhere than
simply in the cathode GDL. One can also notice that x is quite
high for the case (RHa 40%, RHc 100%), this is due to the fact
that the relative humidity at the membrane interfaces is close
to 1.
For all the cases shown with a green background in Fig. 8,
the coupled model predicts dry or wet regime in agreement
with the experimental data. However, for a given value of RHc
the coupled model does not always separate the dry and wet
regimes accurately. For RHc 0% and RHc 40% for instance, a
disagreement in terms of dry wet regime between the nu
merical results from the coupled model and the experimental
data is obtained for the intermediate values of RHa 80% and40% respectively. The background of these cases is in orange
in Fig. 8. For these cases, it has been tried to modify the value
of the voltage U. The simulation has been run with the exact
value ofU reported in Ref. [10]. One could hope that the impact
of U on the heat transfer problem might resolve the
disagreement observed between the numerical results and
the experimental data. However, this has not been successful.
Nevertheless, this has shown that b increases with increasing
U.
Finally, the convergence of the coupled model is operating
conditions dependent. For all the conditions leading to the dry
regime, there is of course no convergence problem. Also, for
most wet regime conditions with the green background in
Fig. 8, the convergence of the iterative algorithm is straight
forward. Only a few iterative steps are necessary to converge.
However, the convergence is less simple for some borderline
cases. For instance, for RHa 40% and RHc 100%, the iterative
algorithm has led to a solution oscillating between two results
with the number of iterations. For instance, the overall satu
ration S oscillated between 0.12 and 0.22, the relative varia
tions of other parameters being much less (for instance b
oscillated between 0.27 and 0.31). This is the only wet case for
which the convergence of the water transport 1D problem has
been problematic. The results reported in Fig. 8 correspond to
the ones for which ε, i.e. the difference between two succes
sive iterations as computed using Eq. (18), was the lowest.
Perhaps here some relaxation strategy between two succes
sive iterations might eliminate the oscillations. This has not
been attempted since the convergence was quite good for the
other conditions (green backgrounds in Fig. 8).
As already explained, it has been chosen to keep the tor
tuosity coefficient t constant. After each iterative step, the
value of t has been determined to see the impact of the
presence of liquid water, if any, in the cathode GDL. It has
been found that the value of t in the presence of water re
mains in the range [0.11, 0.13], thus close to its fixed value 0.12.
This validates our assumption on t. However, one should keep
in mind that only pure condensation patterns are obtained in
these simulations. The impact of the liquid distribution on t
can be expected to be greater in the mixed regime [61].
On the partition coefficients
For all the conditions (RHa,RHc) leading to the dry regime the
computed value of g is the same as the cathode GDL remains
dry and therefore the thermal conductivity of the cathode GDL
is the same for all these cases. It can be noticed that the heat
transfer 1D model predicts that g 0.516, indicating a slight
asymmetry consistently with the slightly off center position
of the cathode catalyst layer where the heat is produced.
As can be seen from Fig. 8 the water partition coefficient b
increases with increasing RHa for a given value of RHc (if one
discards the case (RHa 40%, RHc 100%) for which, as dis
cussed above, the convergence has been problematic). This
result is logical. More water goes to the cathode side when the
relative humidity at the anode side increases. Reversely, b
decreases with an increasing RHc for a given value of RHa. This
result could also be expected from the water mass balance.
Furthermore, it is interesting to notice that b can be higher
than 1 which means that the flux of water going toward the
cathode side is greater than the flux of water produced by the
reaction (see the case RHc 0% and RHa 40% in Fig. 8).
The presence of liquid water in the cathode GDL impacts
the heat transfer. First, the equivalent thermal conductivity of
the cathode GDL increases when liquid water is present.
Secondly, the fraction g of generated heat going to the cathode
side increases when liquid water is present. For instance, the
model predicts that 57.14% of the heat is going to the cathode
side for (RHa 100%, RHc 40%), which is higher than for the
dry regime (g 51.60%). It has been computed that g would
reach 70% if the cathode GDL is totally flooded (S 1). Thus the
heat transfer tends to be more asymmetric as the liquid water
content increases in the cathode GDL.
Conditions leading to the wet regime
The following five conditions lead to a wet regime associated
with a converged solution of the model in our simulations:
(RHa 100%, RHc 0%), (RHa 80%, RHc 40%), (RHa 100%,
RHc 40%), (RHa 40%, RHc 80%) and (RHa 40%,
RHc 100%). For all these cases, the coupled model predicts
the presence of liquid water in the cathode GDL region only
below the central rib, somewhat consistently with the fact
that the 1D model does not converge when the conditions are
such some water should enter the GDL directly in liquid form.
This liquid water under the rib is formed by condensation of
water vapour in that region which is the coldest region of the
cathode GDL unit cell. As can be seen from Fig. 8, the overall
liquid water saturation S is highly operating conditions
dependent. S is considerably smaller for (RHa 100%,Fig. 9 e Dry-wet regime diagrams obtained with the full anode-c
different value of RHa. The blue boxes represent the cases for w
cathode GDL. The grey boxes correspond to a regime where the
the references to colour in this figure legend, the reader is referRHc 40%) than for (RHa 40%, RHc 100%). Only for
(RHa 100%, RHc 40%), the liquid water saturation obtained
with the coupledmodel seems in quantitative agreement with
the experimental measurements in Ref. [10]. For the other
cases, the water saturation in the cathode GDL predicted by
the coupled model seems lower than the experimental value.PEMFC dry wet regime cathode diagram with
impact of anode humidity
The cathode GDL operating regime 3D diagrams obtainedwith
the MIPNM considering the cathode side only have been pre
sented in Ref. [30]. In other words, the impact of the operating
conditions at the anode was neglected in Ref. [30]. So as to
generalize the results from Ref. [30], the diagram has been
computed considering the impact of the relative humidity RHa
at the anode by using the full anode cathode coupled model.
The same range of operating conditions as in Ref. [30] has been
considered. The temperature Tbp was varied and could take
the following values: 30 C, 40 C, 50 C, 60 C, 70 C, 80 C,
90 C. The current density iwas varied considering the values:
0.25 A cm 2, 0.5 A cm 2, 0.75 A cm 2, 1 A cm 2, 1.25 A cm 2,
1.5 A cm 2 whereas the relative humidity at the cathode RHc
was varied considering the values: 0%, 20%, 40%, 60%, 80%,
100%. The new operating condition considered with the full
anode cathode 1D model is the relative humidity RHa in the
gas at the anode side. RHa was varied considering the values:
0%, 20%, 40%, 60%, 80%, 100%. To perform the simulations, the
voltage is specified from the same polarization curve as theathode assembly 1D model. Each diagram corresponds to a
hich it can be concluded that liquid water is present in the
cathode GDL is free from liquid water. (For interpretation of
red to the Web version of this article.)
one used in Ref. [30]. The pressure P was set to 1 bar as in
Ref. [30].
In order to obtain the 3D regime diagram for each value of
RHa, it would have been necessary to simulate all the condi
tions. This corresponds to 6  6 x 6  7 1512 simulations
with the coupled model, which represents quite a lot of
simulations. It is possible to construct the dry wet diagram
with the coupled model without computing all these cases. It
has been pointed out previously that the water transfer 1D
model does not converge for some conditions (RHa, RHc),
typically under highly humidified conditions. This is inter
preted as an indication that all the produced water cannot be
transferred in vapour phase only. Therefore, we can be sure
that the anode cathode assemblywill contain liquidwater for
such conditions. Also, it is fast to predict with the MIPNM
whether the cathode GDL remains dry or not. This simply
requires computing the initial relative humidity field in the
cathode GDL and checking the local values (i.e. at the nodes of
the pore network) of the relative humidity. If the local relative
humidity is everywhere less than 1, the conditions corre
spond to a dry regime. Otherwise, the conditions correspond
to a wet regime. This computation has been performed for all
the cases. It enables us to construct a dry wet regime diagram
for each considered value of RHa. The dry wet regime dia
grams so obtained are shown in Fig. 9 for each considered
value of RHa. These diagrams differentiate the operating
conditions (Tbp, i, RHc) leading to the dry regime (grey boxes in
Fig. 9) from the operating conditions leading to the wet
regime (blue boxes in Fig. 9). Two different criteria leads to the
identification of the wet regime: either the 1D water transfer
model has not been able to converge (cases shown in dark
blue in Fig. 9), or the 1Dwater transfer model converges at the
first step of iteration but the computation of the initial dis
tribution of RH in the cathode GDL using the MIPNM for the
first step of iteration of the coupled model reveals that the
cathode GDL will contain liquid water (cases shown in light
blue in Fig. 9).
These new diagrams illustrate the impact of the relative
humidity at the anode, namely RHa. The higher is RHa, the
more likely the presence of liquid water in the fuel cell. In
particular, it can be seen that whatever the temperature or the
current density, there will always be liquid water for
RHa 100% and RHc 100%. Overall, it can be concluded that
the wet regime will be met for higher temperatures and or
lower current densities when RHa increases.Conclusions
Numerical simulations have been developed for studying the
impact of the humidity conditions on the anode side on the
water distribution in the GDL on the cathode side. First, it has
been shown that this impact could be taken into account
with the pore network model presented in Ref. [30], namely
the MIPNM, by playing with the parameters controlling the
heat and water flux partition: the fraction g of the heat flux
going toward the cathode side and the fraction b of the water
flux going toward the cathode side. A significant improve
ment has then been to couple the MIPNM with a full anodecathode assembly 1D model. In this model, g and b are not
input parameters anymore but outcomes of the simulation.
In this coupled model, the MIPNM is used to compute the
water distribution in the cathode GDL whereas the 1D model
is used for computing the heat and water transfers in the
various components of the anode cathode assembly. It is
worth mentioning that the MIPNM results do have an impact
on the 1D model since the parameters on the 1D model,
especially the cathode GDL thermal conductivity, is
impacted by the liquid water presence in the GDL. On the
whole, this model leads to quite consistent results with the
experimental data reported in Ref. [10]. Since only water
transfer in vapour form is considered in the various porous
components of the anode cathode assembly (except for the
cathode GDL where the liquid water formation by conden
sation is computed using the MIPNM), the model does not
converge for the highly humidified conditions. This non
convergence is actually considered as the signature of a
mixed wet regime where liquid water is present elsewhere
than in the cathode GDL.
The coupled model has been used to compute diagrams
delineating the operating conditions for which the cathode
GDL is dry and the ones leading to a wet cathode GDL. These
diagrams generalize the diagram reported in a previous pub
lication by incorporating the impact of the anode humidity
condition. These diagrams well illustrates that the conditions
at the anode are a lever for the water management. In other
words, playing with the conditions at the anode allows con
trolling, at least in part, the liquid water on the cathode side
and thus the gas access to the cathode CL.
The simulations well illustrate that considering the cath
ode side only is too restrictive. The simulation of the water
formation in the cathode GDL requires modelling the impact
of the anode conditions.
Regarding the coupled model itself, improvements are
desirable. A first improvement could be to explicitly take
into account the MPL in the 1Dmodel since the MPL have an
impact on the heat transfer [51]. A challenge is to extend the
model to situations where liquid water is present in the
cathode CL (and MPL) for example so as to be in a position to
consider the so called mixed regime [30] where a fraction of
the water flux enters the cathode GDL directly in liquid
form. In this respect, it is not obvious that a 1D continuum
approach in the CL would be sufficient due to the discrete
nature of the liquid water injection points in the GDL in the
mixed regime. Also, the experimental results in Ref. [10]
indicate that liquid water can be present also in the anode
GDL for sufficiently humidified conditions at the anode
side. Coupling the 1D model with the MIPNM also on the
anode side is an option to deal with the corresponding
regimes.
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